, the emergence of catalytic activity de 21 novo remains poorly understood. Although certain enzymes are thought to have evolved from 22 non-catalytic proteins [5] [6] [7] , the mechanisms underlying these complete evolutionary transitions 23
have not been described. Here we show how the enzyme cyclohexadienyl dehydratase (CDT) 24 evolved from a cationic amino acid-binding protein belonging to the solute-binding protein 25 (SBP) superfamily. Analysis of the evolutionary trajectory between reconstructed ancestors 26 and extant proteins showed that the emergence and optimization of catalytic activity involved 27 several distinct processes. The emergence of CDT activity was potentiated by the 28 incorporation of a desolvated general acid into the ancestral binding site, which provided an 29 intrinsically reactive catalytic motif, and reshaping of the ancestral binding site, which 30 facilitated enzyme-substrate complementarity. Catalytic activity was subsequently gained via 31 the introduction of hydrogen-bonding networks that positioned the catalytic residue precisely 32 and contributed to transition state stabilization. Finally, catalytic activity was enhanced by 33 remote substitutions that refined the active site structure and reduced sampling of non-34 catalytic states. Our work shows that the evolutionary processes that underlie the emergence 35 of enzymes by natural selection in the wild are mirrored by recent examples of computational 36 design and directed evolution of enzymes in the laboratory.
conformation, contributing to improvements in catalytic efficiency towards the end of the 211 evolutionary trajectory. 212 Our results suggest that the evolution of highly specialized and efficient CDTs (e.g., 213
PaCDT, k cat /K M ~ 10 6 M -1 s -1 ) from non-catalytic ancestors occurred in several distinct stages. 214
Incorporation of the desolvated general acid Glu173 into the binding pocket of an ancestral 215 SBP, despite initially being an adaptation for a different function, may have been sufficient 216 for initial, promiscuous CDT activity. Indeed, the intrinsic reactivity of desolvated acidic and 217 basic residues has been exploited similarly in enzymes that have evolved recently in response 218 to anthropogenic substrates 20 and in enzymes engineered via single substitutions in non-219 catalytic proteins 21 . Following the introduction of a reactive general acid, optimization of 220 enzyme-substrate complementarity and the introduction of hydrogen-bonding networks to 221 position the catalytic residue precisely and stabilize the departing carboxylate group of the 222 substrate appear to have occurred. Further improvements in catalytic efficiency could have 223 been gained by second-and third-shell substitutions that refine the structure of the active site 224 and optimize conformational sampling to favor catalytically relevant conformations. Similar 225 mutational patterns have been documented in directed evolution experiments 15, 22 . 226
Additionally, adaptation of protein dynamics has been shown to occur analogously in the 227 evolution of a binding protein from an enzyme, in which case the catalytically relevant 228 conformation was disfavored by the function-switching mutation 23 .
229
Although some computationally designed protein structures have been made with 230 atomic-level accuracy 24 , and various strategies have been developed to introduce catalytic 231 activity into arbitrary protein scaffolds 21, 25, 26 , replicating the catalytic proficiency of natural 232 enzymes using computational design remains a major challenge 27, 28 . The evolutionary 233 trajectory of CDT has striking similarities with the optimization of rationally designed 234 enzymes by directed evolution 29 ; catalytic activity can be initialized by computationally 235 guided grafting of a reactive catalytic motif (e.g., a desolvated carboxylate) into a protein 236 scaffold that can accommodate the transition state for a given reaction, and directed evolution 237 can be used to introduce additional stabilizing interactions, optimize positioning of catalytic 238 groups, improve enzyme-transition state complementarity, and optimize conformational 239 sampling, frequently via remote substitutions 29, 30 . Thus, the strategies that have been used to 240 improve catalytic activity in computational design and directed evolution experiments appear 241 to mirror those that drove the emergence of an enzyme from a non-catalytic protein by 242 natural selection. , supported the use of the 259 WAG substitution matrix with gamma-distributed rate heterogeneity, a fixed proportion of 260 invariant sites, and equilibrium amino acid frequencies estimated from the data 261 (WAG+I+Γ+F model). Phylogenies were reconstructed in PhyML by optimization of an 262 initial BIONJ tree using the nearest-neighbor interchange and subtree pruning and regrafting 263 algorithms. Robustness of the resulting tree topology to the substitution model was assessed 264 by repeating the analysis using the LG and JTT substitution matrices (LG/JTT+I+Γ+F 265 models), and convergence to the ML tree was checked by repeating the analyses with ten 266 randomized initial trees. Although the resulting trees had essentially identical topologies, the 267 tree inferred using the LG+I+Γ+F model had the highest likelihood and was therefore taken 268 as the ML tree. Ancestral protein sequences were reconstructed using the empirical Bayes 269 method implemented in PAML 37 . The ancestral sequences AncCDT-1 to 5 were 270 reconstructed using the LG substitution matrix together with the ML tree inferred using the 271
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LG+I+Γ+F model, and the ancestral sequences AncCDT-1W to 5W were reconstructed using 272 the WAG substitution matrix together with the tree inferred using the WAG+I+Γ+F model 273 (Extended Data Fig. 2) . 274
Cloning and mutagenesis. Codon-optimized synthetic genes encoding the ancestral proteins, 275 Ws0279 (UniProt: Q7MAG0; residues 24-258), Pu1068 (UniProt: Q4FLR5; residues 19-276 255), Ea1174 (UniProt: K0ABP5; residues 31-268), and PaCDT (UniProt: Q01269; residues 277 26-268) were cloned into the pDOTS7 vector using the Golden Gate method HisTrap HP column (GE Healthcare) equilibrated with equilibration buffer. The column was 294 washed with 50 mL equilibration buffer and 25 mL wash buffer (50 mM NaH 2 PO 4 , 500 mM 295 NaCl, 44 mM imidazole, pH 7.4), and the target protein was eluted in 25 mL elution buffer 296 (50 mM Na 2 HPO 4 , 500 mM NaCl, 500 mM imidazole, pH 7.4). For ITC experiments, 297
proteins were subjected to on-column refolding during the affinity chromatography step to 298 remove endogenously bound ligands, as described previously 34 . Proteins were concentrated 299 using a centrifuge filter (Amicon Ultra-15 filter unit with 10 kDa cut-off) and purified by 300 in a 96-well plate format; each ligand was tested at three concentrations and three replicates 338 of a ligand-free control were also included. Fluorescence intensities were measured on a 339
BioRad CFX384 real-time PCR instrument with excitation at 490 nm and emission at 570 340 nm. The temperature was ramped from 20 °C to 100 °C at a rate of 0.05 °C/s, and the 341 fluorescence intensity was measured at 0.5 °C intervals. Melting temperatures were taken as 342 the temperature at the minimum of the first derivative of the melt curve, which was 343 determined by fitting the data to a quadratic function in the vicinity of the melting 344 temperature using GraphPad Prism 7 software. 345
Isothermal titration calorimetry. ITC experiments were performed using a Nano-ITC low-346 volume calorimeter (TA Instruments); details of instrument calibration have been described 347 Prephenate dehydratase assay. Prephenate dehydratase activity was determined by 381 spectrophotometric measurement of phenylpyruvate formation, as described previously 41 . 382
Protein solutions were prepared in 20 mM Na 2 HPO 4 , 150 mM NaCl (pH 7.4), and prephenate 383 solutions were prepared in 50 mM Na 2 HPO 4 (pH 8.0). After equilibration at room 384 temperature for 5 min, the reaction was initiated by mixing equal volumes of protein and 385 substrate solutions. Aliquots (50 µL or 100 µL) were regularly removed from the reaction 386 mixture and quenched by addition of an equal volume of 2 M NaOH. Absorbance at 320 nm 387 was measured using an Epoch Microplate Spectrophotometer (BioTek), and phenylpyruvate 388 concentrations were determined assuming a molar extinction coefficient of 17,500 M -1 cm -1
. 389
Reaction times and enzyme concentrations were adjusted to ensure <20% conversion ofprephenate to phenylpyruvate. The rate of non-enzymatic turnover was subtracted from the 391 observed rate of enzyme-catalyzed turnover. 392 Circular dichroism spectroscopy. Circular dichroism (CD) experiments were performed 393 using a Chirascan spectropolarimeter (Applied Photophysics) with a 1-mm path length quartz 394 cuvette. Proteins were diluted to 0.3 mg/mL in water (for recording CD spectra) or SEC 395 buffer (for thermal denaturation experiments) and degassed prior to measurements. CD 396 spectra were recorded at 20 °C between 190 nm and 260 nm, with a bandwidth of 0.5 nm and 397 a scan rate of 3 s per point, with adaptive sampling. For thermal denaturation experiments, 398
CD was monitored at 222 nm over a temperature range of 20 °C to 90 °C, heating at 1 °C 399 min -1 . T M values were determined by fitting the data to a two-state model: 400
where y obs is ellipticity at 222 nm, y n , m n , y u , and m u describe the pre-transition and post-401 transition baselines, T is temperature, R is the gas constant, and Δ H vH is the apparent van't 402
Hoff enthalpy of unfolding. 403
Crystallization and structure determination. Crystal structures of AncCDT-1 (complexed 404 with L-arginine), Pu1068 (unliganded), AncCDT-3(P188L), and PaCDT were solved and 405 refined at resolutions between 1.6 Å and 2.6 Å. An additional low-resolution structure of 406 PaCDT (3.1 Å) shows an alternate crystal packing arrangement, and a low-resolution 407 structure of unliganded AncCDT-1 (3.4 Å) illustrates the domain-scale conformational 408 change resulting from ligand binding. Pu1068 was also co-crystallized with NDSB-221 ((3-409
(1-methylpiperidinium-1-yl)propane-1-sulfonate); this low-affinity ligand was identified by Polymerase (Thermo Scientific) using the primers P7XF and P7XR (Supplementary Table  454 13). The purified PCR product was digested with DNAse I (New England Biolabs) in a 455 reaction mixture containing 100 mM TRIS pH 7.5, 10 mM MnCl 2 , 4 μg PCR product and 0.3 456 U DNAse I in a total volume of 40 μL. The reaction mixture was incubated at 37 °C for 1 -2 457 min and quenched by the addition of 20 μL 0.1 M EDTA pH 8.0 pre-incubated at 80 °C, 458 followed by heat inactivation at 80 °C for 15 min. The digested PCR product was run on a2% agarose gel, and fragments 50 -250 bp in size were excised from the gel and purified 460 using the Wizard SV Gel and PCR Clean-Up System (Promega). The fragments were 461 reassembled using Taq polymerase: each reaction contained 40 ng gene fragments, 2 μL 10× 462 buffer, 0.2 mM dNTPs, 1.25 U Taq polymerase and varied concentrations of equimolar 463 mutagenic oligonucleotides (5 -800 nM total concentration) in a volume of 20 μL (see 464
Supplementary Table 13 for a list of oligonucleotides included in each round). The 465 thermocycling protocol consisted of (i) an initial denaturation step at 95 °C for 2 min; (ii) 40 466 cycles of a denaturation step at 95 °C for 30 s, then 13 hybridization steps from 65 °C to 41 467 °C in 2 °C steps, each for 90 s (total 13.5 min), then an extension step at 72 °C for 1 min; and 468 (iii) a final extension step at 72 °C for 7 min. 0.5 μL of the unpurified assembly reaction 469 mixture was amplified in a 50 µL nested PCR reaction using Taq polymerase and the primers 470 P7NF and P7NR (Supplementary Table 13 ). The nested PCR product was run on a 1% 471 agarose gel and purified by gel extraction. 472
Library creation and selection. Purified PCR products (0.5 μg) from StEP or ISOR 473 reactions were digested with 2.5 μL each of HindIII FD and EcoRI FD (Thermo Scientific) in 474 a 50 μL reaction at 37 °C for 30 min. The reaction mixture was purified immediately using a 475 PCR purification kit. The pDOTS7 vector containing the AncCDT-2 insert (2.5 μg) was 476 digested using 2.5 μL each of HindIII FD, EcoRI FD, and PstI FD (which cuts within the 477
AncCDT-2 insert) in a 50 μL reaction at 37 °C for 30 min. The digested vector was purified 478 immediately using a PCR purification kit, then run on a 1% agarose gel and purified by gel 479 extraction. Ligation reaction mixtures contained 100 ng pDOTS7 vector, a 3-fold molar 480 excess of insert, 2 μL 10× T4 DNA ligase buffer, and 5 U T4 DNA ligase (Thermo 481 Scientific) in a volume of 20 μL, and were incubated at room temperature for 1 hr. Following 482 purification of the ligation reaction mixture using a PCR purification kit, electrocompetent E.coli strain JW2580-1 (ΔpheA) cells were transformed with 1 μL ligation product by 484 electroporation and plated on LBA agar. Following overnight incubation of the plates at 37 485 °C, colonies were scraped into LB media, then resuspended in 20 mL fresh LBA media. 100 486 μL of the resulting cell suspension was used to inoculate 20 mL fresh LBA media, which was 487 then incubated at 37 °C until the OD 600 reached ~0.5. A 1 mL aliquot of the culture was 488 washed twice with 1 mL M9 salts (6 g/L Na 2 HPO 4 , 3 g/L KH 2 PO 4 , 1 g/L NH 4 Cl, 0.5 g/L 489 NaCl), and resuspended in 1 mL M9 salts. Serial dilutions of the cell suspension were made 490 in M9 salts, plated on M9-F agar, and incubated at 37 °C. The resulting colonies were 491 streaked onto LBA agar, and their plasmid DNA was amplified by PCR using the sequencing 492 primers P7SF and P7SR (Supplementary Table 13 . MD simulations were performed using GROMACS version 4.5.5 504 (ref.
54 ) for the HEPES-bound structure and GROMACS version 4.6.5 for the unliganded 505 structure, using the GROMOS 53a6 force field 55 in both cases. The protein was solvated in a 506 rhombic dodecahedron with SPC water molecules, such that the minimal distance of the 507 protein to the periodic boundary was 15 Å, and 15 Na + ions were added to neutralize the 508 system. Energy minimization was achieved using the steepest descent algorithm. A 100 ps 509 isothermal (NVT) MD simulation with position restraints on the protein was used to 510 equilibrate the system at 300 K. For production MD simulations of the NPT ensemble, the 511 temperature was maintained at 300 K using Berendsen's thermostat (τ T = 0.1 ps), and the 512 pressure was maintained at 1 bar using Berendsen's barostat (τ p = 0.5 ps, compressibility = 513 4.5 × 10 -5 bar -1
). All protein bonds were constrained with the LINCS algorithm; water 514 molecules were constrained using the SETTLE algorithm; the time step for numerical 515 integration was 2 fs; the cut-offs for short-range electrostatics and van der Waals forces were 516 9 Å and 14 Å, respectively; the Particle-Mesh Ewald method was used to evaluate long-range 517 electrostatics; neighbor lists were updated every 10 steps. Following a 1 ns equilibration 518 phase, which was not considered in the analysis, the four simulations of the HEPES-bound 519 structure were continued for 100 ns, and the four simulations of the unliganded structure were 520 continued for 170 ns. 521
An additional 150 ns simulation was performed in Desmond version 4.8 (Schrödinger 522 2016-4) (ref. [56] [57] [58] ) using the OPLS3 force field 59 . Simulations were initiated from the same 523 starting structure used in the 5HPQ GROMOS simulations, except that Desmond was used to 524 add the N-terminal acetyl caps and C-terminal amide caps, and for energy minimization of 525 the protein structure. The protein was solvated in an orthorhombic box (15 Å periodic 526 boundary) with TIP3P water molecules. Na + ions were added to neutralize the system. 527
Energy minimization was achieved using the steepest descent algorithm (2000 iterations and 528 a convergence threshold of 1 kcal/mol/Å). The system was relaxed using the default 529
Desmond relaxation procedure at 300 K. For production MD simulations of the NPT 530 ensemble, the temperature was maintained at 300 K using a Nosé-Hoover thermostat (τ T = 531
1.0), and the pressure was maintained at 1.01 bar (τ p = 2.0) using a Martyna-Tobias-Klein were recorded using a Cary Eclipse fluorimeter. Pu1068 was prepared at a concentration of 5 548 μM in DSF buffer. The excitation wavelength was 280 nm, and emission was measured 549 between 300 nm and 400 nm. Following addition of each aliquot of NDSB-221, the sample 550 was incubated at ambient temperature for 1 min before the fluorescence spectrum was 551 recorded. The K d for the Pu1068/NDSB-221 interaction was calculated by fitting the 552 fluorescence data to a hyperbolic binding curve: 
